Quantifying the vertical distribution of atmospheric aerosols is crucial for estimating their impact on the Earth's energy budget and climate, improving forecast of air pollution in cities, and reducing biases in the retrieval of greenhouse gases (GHGs) from space. However, to date, passive remote sensing measurements have provided limited information about aerosol extinction profiles. In this study, we propose the use of a spectral sorting approach to constrain the aerosol vertical structure using spectra of reflected sunlight absorption within the molecular oxygen (O 2 ) A-band collected by the Orbiting Carbon Observatory-2 (OCO-2). The effectiveness of the approach is evaluated using spectra acquired over the western Sahara 
Introduction
The vertical distribution of atmospheric aerosols plays an important role in regulating the Earth's energy budget by scattering and absorbing sunlight (direct effect) and via aerosol-cloud interactions (indirect effect; IPCC, 2013; Zarzycki & Bond, 2010) . In addition, the detection of vertical distribution of aerosols, which contribute the largest environmental risk as air pollutants, enables assessment of their impact on public health (Liu & Diner, 2017) . Third, aerosol scattering effects provide one of the most important sources of uncertainty in greenhouse gas (GHG) retrievals from space in the near infrared (Kuang et al., 2002) . A better knowledge of the aerosol vertical distribution, which affects the light path length in the gas absorption channels, is required to achieve high accuracy GHG retrievals (Crisp et lidar instruments have a narrow swath and therefore require weeks to observe just a fraction of a percent of the planet's surface area; it is therefore very difficult to obtain global coverage. This necessitates a new era of research pursuing alternative approaches to solve this challenging problem.
The use of oxygen (O 2 ) absorption measurements to constrain cloud and aerosol profiles was first proposed by Yamamoto & Wark (1961) . The physical basis is that (1) O 2 is uniformly distributed in the atmosphere with a mixing ratio of ~0.20955, (2) its spectrally-dependent absorption cross sections are reasonably well known (Drouin et al., 2017) , and (3) as aerosols and clouds scatter light back to space, they leave distinctive signatures in different parts of the observed O 2 spectra, which are associated with the column aerosol/cloud optical depth and vertical structure. By studying these signatures, we can quantify the vertical distribution of aerosols and clouds. This technique has been successfully applied to quantify the retrievals ( Bösch et al., 2006; Geddes and Bösch, 2015; O'Dell et al., 2018; Wu et al., 2018) and to characterize the impact of the 3-D structure of clouds on CO 2 retrievals (Massie et al., 2017) . However, with respect to constraining the atmospheric aerosol vertical distribution, the majority of studies are still in the theoretical phase (e. Here we propose the use of a spectral sorting approach (Liou, 2002 Transform Spectrometer (FTS) overlooking the Los Angeles megacity, to detect the aerosol loading in the boundary layer. In this study, the effectiveness of this approach for satellite-based measurements is evaluated, using OCO-2 as a test case. We selected the western Sahara coast as the study area to minimize effects from variable land surface reflectance and to maximize the variability of aerosol layer height due to frequent dust storms over this coastal region. The development of an aerosol profile retrieval technique for passive remote sensing observations will be useful for future missions to produce maps of aerosol vertical structure on a global scale. In addition, the aerosol vertical structure constrained by this technique may provide a more efficient method for minimizing aerosol-related biases in CO 2 and CH 4 retrievals.
In Section 2, we describe how we obtain collocated measurements from OCO-2 and CALIPSO over the western Sahara coast. Section 3 illustrates the sensitivity of the O 2 A-band to aerosol vertical structure using simulations of OCO-2 measurements. In Section 4, the AOD and ALH are retrieved using look-up tables (LUTs). The results are discussed in Section 5, and conclusions provided in Section 6. The sounding track (in yellow) of both OCO-2 and CALIPSO along the coast is also shown. The rectangle defines the study region between 17.5°N and 20.5°N used in this study.
Measurements of dust storms over the coastline in the western
The coastline of Mauritania in the western Sahara Desert faces the Atlantic Ocean (Figure 1 ). Each year, dust storms bring in hundreds of millions of tons of dust from the desert to the Atlantic Ocean (Prospero and Mayo-Bracero, 2013 ). Some of the dust reaches North and South America and affects the local air quality as well as climate, soil fertility, marine biology at large scales. A better knowledge of the dust vertical structure will improve our understanding of dust transport and assessment of its impact on global climate and local air quality. The large variability in dust vertical structure (see statistics from CALIPSO measurements in Appendix A1) and well characterized ocean surface reflectance make this coastal region an optimal testbed for remote sensing algorithms (Dubuisson et al., 2009; .
OCO-2 and CALIPSO also have regular overpasses over this coast, as shown in Figure 1 , roughly once in every 16-day orbiting period. On roughly have of these opportunities between 15 May 2015 and 13
September 2018, the OCO-2 and CALIPSO observations were nearly bore-sighted. The sounding track between 17.5°N to 20.5°N is chosen here. The fact that the albedo of the ocean surface is small facilitates aerosol detection since the observed radiance tends to be highly sensitive to changes in aerosol loading.
The Bidirectional Reflectance Distribution Function (BRDF) of the ocean surface is approximated by the Cox-Munk model (Cox and Munk, 1954 ) with wind speeds adopted from GEOS5 reanalysis data (see Section 3.1).
OCO-2 and CALIPSO measurements
The OCO-2 and CALIPSO satellites fly in the A-Train constellation (L'Ecuyer and Jiang, 2010).
At an altitude of about 705 km, the A-Train follows a sun synchronous orbit with a ground track repeat cycle of 16 days and an equator overpass time around 13:30 hours local time. Between 15 May 2015 and 13 September 2018, the OCO-2 and CALIPSO navigation teams collaborated to align the ground tracks of the two satellites (Figure 2(a) ); therefore, their measurements are collocated when OCO-2 is acquiring observations near the local nadir, which is does on roughly half of all orbits.
OCO-2 was launched in July 2014 to measure the abundance of atmospheric CO 2 , one of the most important greenhouse gases (Crisp et al., 2008; Eldering et al., 2017) . Using imaging grating spectrometers, it collects high-resolution spectra of reflected sunlight in the O 2 A-band centered at ~0.765 µm, the weak CO 2 band centered at 1.61µm, and the strong CO 2 band centered at 2.06 µm. The spectral resolution in the O 2 A-band, is ~0.04 nm (Figure 2(b) ). The O 2 A-band spectra have high sensitivity to changes in the light path. They are primarily used to determine the surface pressure, to screen for optically thick clouds and to quantify the total optical depth (AOD) and vertical distribution of aerosols for soundings that are sufficiently optically thin (AOD < 0.3) to yield accurate estimates of the column average CO 2 dry air mole fraction, XCO 2 (O'Dell et al., 2018).
The OCO-2 spectrometers collect 8 spectra at 0.333 second intervals across a narrow (0.1°) swath, yielding footprints with a spatial resolution of less than 3 km 2 . In this study, we use the OCO-2 footprint that is the closest to the corresponding CALIPSO sounding. The OCO-2 Level 1B (L1B) calibrated, geolocated science spectra, retrospective processing version V8r (OCO2_L1B_Science) are collected from NASA's Earth Observing System Data and Information System (NASA, 2019c). Over the ocean, OCO-2 has two observation modes: the "nadir" mode, where the instrument collects data while pointed at the local nadir, and the "glint" mode, where the instrument is pointed at a point near the glint spot, where sunlight is specularly reflected from the Earth's surface. In this study, we focus on "nadir" mode measurements, which are more closely aligned with the CALIPSO observations and have less contribution from the ocean surface.
Over the western Sahara coast, there are a total of 45 nadir sounding tracks from 2014 to 2018; excluding tracks with dense clouds and without collocated CALIPSO measurements, there are a total of 27 sounding tracks available, which are listed in Appendix A2. ). An illustration of the extinction coefficient profile, column AOD and COD, and the derived ALH are shown in Figure 3 ; the corresponding O 2 A-band continuum level radiance, which is related to the column AOD, is also shown. (Bösch et al., 2011; Crisp et al., 2012; O'Dell 2012; . The OCO-2 forward model is publicly available at NASA-JPL (2017).
In this study, the forward RT model for the OCO-2 FP algorithm Build v8 is used. Gaussian profile shape used to approximate the vertical distribution of aerosol in the OCO-2 forward model.
As described in Equation (1), there are three parameters to define the shape: column AOD characterizes the total aerosol amount; peak height ( " ) and aerosol layer width ( " ) characterize the vertical distribution. The vertical coordinate ( ) is defined using relative pressure P/Psurf , where P is the pressure in a specific layer and Psurf is the surface pressure. 
Sensitivity of radiance to aerosol vertical structure
where the vertical coordinate ( ) is defined using relative pressure P/Psurf ; P is the pressure in a specific layer and Psurf is the surface pressure. By definition, ranges between zero and one, corresponding to levels at the top of the atmosphere and at the surface, respectively. " is the peak height and " is the one standard deviation ( ) width of the dust aerosol layer. C is a normalization factor such that the integral of S(x) equals the total AOD. The mass center of the CALIPSO aerosol layer is quantified by ALH. The methodology for conversion between ALH from CALIPSO and the peak height ( " ) in the OCO-2 forward To quantify the sensitivity of the O 2 A-band to changes in AOD, ALH, and aerosol layer width (ALW), we execute the OCO-2 forward model to first simulate the radiance for different sets of aerosol profiles and then calculate the sensitivity of the radiance to changes in AOD, ALH, and ALW, respectively.
The AOD and ALH are the means calculated from all available CALIPSO data along the western Sahara coast (Appendix A1). A sample O 2 A-band radiance spectrum obtained using this procedure is shown in Figure 2 (b). We use finite difference (assuming a perturbation of 1%) to estimate the sensitivity to the three aerosol parameters. As shown in Figure 5 (a), the derivatives of the radiance with respect to AOD are highly correlated with the observed radiance spectrum, especially in the continuum absorption regions. This suggests that when the aerosol is bright, the surface albedo is low and uniform across the spectral region and the viewing and illumination geometry are invariant, the continuum radiance is approximately proportionate to the AOD along the light path. Therefore, the continuum radiance provides a constraint on 
Comparison of simulations and measurements
The performance of the OCO-2 forward model is evaluated through comparisons with measurements from OCO-2. The focus here is to investigate whether the forward RT model can reproduce the enhanced radiance in the intermediate absorption channels due to increases in ALH. We specifically selected two soundings on the same OCO-2 orbit track with similar AOD (i.e., nearly identical continuum radiance level) but different ALH (calculated from CALIPSO). The locations of the two soundings are indicated by the red (high aerosol layer) and blue (low aerosol layer) arrows in Figure 3(a) . The measurements are shown in the upper panel of Figure 6 . The two soundings have spectra with similar continuum radiance levels (Figure 6(a) ). We then sort the spectra in order of increasing radiance, as obtained for a simulation with ALH set to zero (black lines in Figure 6 (b), referred to as baseline hereafter).
The sorted spectra are then normalized with respect to the continuum level. A spectral sorting approach has been successfully applied to O 2 1 Δ band measurements at 1.27 µm from the CLARS-FTS instrument to profile aerosols within the planetary boundary layer in the Los Angeles megacity (Zeng et al., 2018). As shown in Figure 7 , the retrieval approach is implemented by first constructing look up tables (LUTs) with different AODs and ALHs using the OCO-2 forward model. Due to changes in observation geometry and atmospheric conditions on a daily basis, the LUTs were built as a function of solar zenith angle (SZA), wind speed, atmospheric pressure, AOD, and ALH. The sensor zenith angle is not considered here because only nadir observing geometry is considered here. Examples of the LUTs are shown in Appendix A6. When implementing retrieval for a specific sounding, the corresponding LUT is selected according to the SZA, wind speed, and atmospheric pressure of the sounding. Figures 8(a) and 9(a) show examples of the selected LUTs for the 27 days used in this study. As expected, the LUTs change with season due to the large variability in ocean surface reflectance associated with changing solar and illumination geometries. As described in Section 3.2, LUTs for AOD retrievals are built using the continuum level radiance in the O 2 A-band, while those for ALH retrievals are built using the radiance in selected intermediate absorption channels. In practice, the average radiance in the sorted channels between indices 780 and 810 is used for AOD retrieval. The average radiance in the sorted channels between indices 150 and 250 is used for ALH retrieval (Figure 5(b) ).
The uncertainty in AOD and ALH retrievals primarily comes from uncertainties in the associated LUTs, which is related to uncertainties in the OCO-2 RT forward model and the associated model inputs.
While it can be difficult to quantify LUT uncertainty analytically, several variables are important, including wind speed, atmospheric pressure, and aerosol optical properties. In this study, we estimate the uncertainty of LUTs using error propagation. Jacobians of O 2 A-band radiance to wind speed ( ), and aerosol single scattering albedo ( 
Retrievals of AOD Figure 8(a)
shows LUTs for all 27 days, color coded by month. To the first order, the continuum level radiance increases with increasing AOD due to stronger scattering by bright aerosols over dark surfaces. The difference in the continuum level radiance between different months is larger for low AODs. This is because when AOD is low, the surface reflectance dominates the contribution to the observed continuum level radiance. On the other hand, aerosol scattering dominates when AOD is large; therefore, increases, the behavior is very different under different AOD conditions. As expected, the change is smaller when AOD is low, due to weaker aerosol scattering. In January and October, the ocean surface is very dark because the solar zenith angle is large and far away from the ocean "glint" angle over the western Sahara coast. Therefore, when AOD is low, Rayleigh scattering dominates. The mean height of these atmospheric scatterers is determined by their density profiles. If the ocean surface is completely dark, the mass center of the atmosphere is about 6.3 km (assuming the scale height of the atmosphere is about 9 km). Therefore, the normalized radiance in the intermediate absorption channels is higher in October and January when AOD is small than when AOD is large. In April and July, however, the solar zenith angle is smaller and therefore the ocean surface reflectance is higher. As a result, the ocean surface reflectance dominates the contribution to the observed radiance. Therefore, the normalized radiance in the intermediate absorption channels increases as AOD increases, keeping ALH fixed.
We retrieve ALH by linearly interpolating the normalized radiance in the intermediate absorption channels (and using the AOD as retrieved in Section 4.1), based on the LUTs. Uncertainties in ALH retrievals are estimated as a function of the AOD uncertainty. We use the upper and lower bounds of the AOD retrieval to quantify the upper and lower bounds of the ALH estimate, respectively. In addition, if the aerosols are absorbing, e.g. wildfire plumes, then the retrieval of ALH will be highly uncertain since the scattering signal is weak. In the v8 OCO-2 FP retrieval algorithm, each sounding includes scattering by thin liquid water and water ice clouds, and the two dominant aerosol types pre- 
Cloud Contamination
The method developed in this study focuses on clear soundings without cloud contamination. The cloudless OCO-2 sounding tracks were selected with the aid of CALIPSO data. In an operational environment, however, the clouds in the field of view should be identified using the OCO-2 data. For example, the cloudscreening algorithm developed by Taylor et al. (2016) is shown to be highly effective when compared with MODIS cloud data. This method can be combined with the spectral sorting approach in an operational environment. Over ocean, thick clouds, which lead to strong enhancement in continuum radiance can be easily identified since the ocean surface is relatively dark within the O 2 A-band.
However, the identification of the contamination by thin liquid water or water ice clouds may be challenging.
The contamination will lead to an overestimation of AOD and a larger bias in ALH. A detailed analysis of the impact of possible clouds on the retrieval of AOD and ALH is beyond the scope of this study show that thin cirrus clouds are relatively easy to detect in O 2 A-band observations because they produce large changes in the optical path length. For the current method, these high cirrus clouds will lead to anomalous overestimation of ALH, which can be identified statistically when compared with the aerosol climatology data. Taylor et al. (2016) find that low-altitude clouds are much more challenging to detect using O 2 A-band observations alone because they produce small variations in the optical path lengths.
They find that these clouds can be effectively screened using ratios of CO 2 and H 2 O column abundances retrieved in strongly and weakly absorbing spectral regions. It may be possible to exploit a similar approach with the spectral sorting methods developed here.
Conclusions
We describe a spectral sorting approach for constraining aerosol optical depth and vertical structure Compared to conventional fitting schemes, the spectral sorting technique developed for OCO-2 has two strengths: first, spectral channels with high sensitivity to AOD and ALH can be identified; second, different AOD and ALH scenarios show distinct signatures in the sorted radiance spectra and the associated information can be obtained in a straightforward manner.
In the future, we will evaluate this spectral sorting approach over land regions, especially over urban emission plumes where large amounts of aerosols and trace gases are co-emitted. Based on the spectral sorting proposed in this study, a "divide and conquer" strategy may be worth considering for future retrieval algorithm improvement to account for aerosol scattering effects. Instead of performing a simultaneous retrieval of aerosols, trace gases and many other geophysical variables, the retrieval algorithm could first extract information on aerosol vertical structure from O 2 A-band measurements using the proposed spectral sorting approach. Then, the retrieved AOD and ALH can be utilized by the FP retrieval algorithm for trace gas retrieval.
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where λ is the wavelength and τ is the corresponding AOD to be estimated; λ 0 is the reference wavelength and τ 0 is the corresponding AOD from CALIPSO; k is the Ångström exponent, which can be calculated from CALIPSO AOD measurements at its two wavelengths.
APPENDIX A4: Calculation of ALH from CALIPSO aerosol profile
The ALH is defined as the center of mass of aerosol scatterers. We calculate ALH using the widely used weighted mean method as described in and Koffi et al. (2012) :
where P is the CALIPSO aerosol extinction coefficient and P is the corresponding height at level . The derived ALH is different from the peak height ( " ) when " is small. By definition, the ALH will be equal to or larger than " for a Gaussian aerosol profile. The relationship between them is shown in Figure A4 .
In addition, " is measured by the relative pressure, P/P surf , while the ALH is the geometric length in units of kilometers. The conversion between height (h) in kilometers and relative pressure (P/P surf ) is based on the following empirical equation:
where H is the atmospheric scale height, which is about 9 km over the western Sahara coast region. Based on Equation ( Figure A5 . Figure A5 . The phase function of dust aerosol for O 2 A-band, derived from MERRA reanalysis data, and used in the OCO-2 forward model. As a comparison, the phase functions for sulfate and isotropic scattering are also plotted. 
APPENDIX A7: Lookup Table Uncertainty
The uncertainty of LUT is related to uncertainties in the OCO-2 RT forward model and the associated model inputs. While it can be very complex to quantify LUT uncertainty analytically, several variables are important, including wind speed, atmospheric pressure, and aerosol optical property. The details of the uncertainty quantification are described in Section 4. 
APPENDIX A8: Difference between LUT and OCO-2 measurements
To assess the performance of the OCO-2 forward model, we compare the continuum level radiance between OCO-2 measurements and the RT forward model when AOD is small (less than 0.3). The results ( Figure   A8 ) show that the one sigma (standard deviation) difference is about 21%. This difference comes from (1) the uncertainty of the forward model and (2) the colocation error between CALIPSO and OCO-2. CALIPSO data has a 5-km resolution while OCO-2's footprint size is about 1 km. This mismatch may also explain some of the uncertainty between our retrievals of AOD and ALH (Figure 8 and Figure 9 ) and the corresponding CALIPSO data. Number of measurements
